ABSTRACT: There is renewed interest in white lupine (Lupinus albus L.), which is appreciated for its high protein content, full range of essential amino acids and as N source to rainfed cropping systems. Unfortunately, information on its N 2 fixation ability is limited. This study aimed to: (i) quantify the N 2 fixation ability of white lupine crop at the plot field scale in three different environments of Sardinia (Italy) 
Introduction
Grain legumes could play a crucial role in decreasing the marked deficit of high-protein feedstuff and increasing the sustainability of European croplivestock systems (Annicchiarico et al., 2010) . At the same time, grain legumes can offer ecosystem services such as renewable N input, the improvement of soil fertility and the diversification of cropping systems (Jensen et al., 2012; Sinclair and Vadez, 2012) . White lupine (Lupinus albus L.), whose center of origin and domestication is the Mediterranean basin (Jansen, 2006) , is known to have been cultivated since ancient times, mainly distributed around the Mediterranean and in the Nile valley, extending to Sudan and Ethiopia (Huyghe, 1997) . It is an interesting grain legume due to its low alkaloid lines and higher protein content (34-45 %), similar to that of soybean (Annicchiarico, 2008; Boschin et al., 2008; Laudadio and Tufarelli, 2011; Petterson, 1998) . Moreover, white lupine has a higher level of essential amino acids and important dietary minerals (iron and potassium) compared with other rainfed legumes such as pea (Pisum sativum L.), faba bean (Vicia faba L.) and narrow leafed lupine (L. angustifolius L.), which are useful as innovative ingredients of functional or healthy food products (Annicchiarico et al., 2014; Chiofalo et al., 2012; Guillamón et al., 2010) . Currently, there is overall renewed interest in this species that could be a precious protein source for the Mediterranean farming systems, representing, in the meantime, an additional crop option for longer-term rotations (EC, 2013) . According to Unkovich et al. (2010) , only a few studies have investigated in-field N 2 fixation of white lupine in comparison with other grain legumes. Several biotic and abiotic factors might affect N 2 fixation as well as the methods used for its quantification (Peoples et al., 2009; Unkovich et al., 2008) . In addition, the results could be dependent mainly on environmental conditions of the study site. In order to investigate the promising N contribution from white lupine to Mediterranean rainfed cropping systems, the main objectives of our study were: (i) to quantify the N 2 fixation ability of white lupine crop over two years at field scale in three different pedo-climatic conditions under Mediterranean climate; (ii) to determine the allocation of the plant fixed N into different organs; and (iii) to establish the relationship between fixed N and DM within white lupine organs.
Materials and Methods

Locations and Crop Management
The field experiments were conducted during 2009-2011 at three locations in North-western (40°52' N, 8°15' E), Central (40°36' N, 8°58' E) and Southern (39°31' N, 8°51' E) Sardinia (Italy), respectively, differing for several soil characteristics (Table 1 ). The climate is Mediterranean with mild winters and dry summers; however, the three locations also differ for long-term data on rainfall and temperatures. Due to the presence of different soils and microclimates over limited surfaces, Sardinia can be considered a representative study area for environmental variations in Mediterranean basin areas. During the experimental periods, the total rainfall from September 2009 to August 2010 was 38, 14 and 23 % greater than the long-term means for the Stintino, Chilivani and Sanluri sites, respectively. In the second year, the total rainfall from September 2010 to August 2011 was 48, 24 and 7 % higher than climatic data for the same locations, indicating wide variations (Table 1) .
Stands of white lupine cv. Multitalia for animal feeding were established by sowing 60 kg ha −1 of viable seed (row spacing 50 cm) and seeds were inoculated with a commercial source of Bradyrhizobium lupini (Souche LL13). In the three experimental sites, white lupine had never been grown before and durum wheat was the crop grown in the previous season. Seeding was carried out from late December 2009 to early January 2010 and in autumn 2010. Avena sativa L. (oats) sown at a rate of 180 kg ha -1 was used as non-fixing reference species (NFS). Oats has an annual cycle overlapping that of white lupine and has already been used as NFS for white lupine and other lupine species (Cazzato et al., 2012; Carranca et al., 2013) . At the three locations and over the two experimental years, both white lupine and NFS as control were arranged according to a completely randomized block design with three replicates (new randomization every year). The size of each plot was 4.5 × 7.5 m. All plots were fertilized with 100 kg ha −1 P 2 O 5 using triple superphosphate before seeding. The seedbed was prepared using conventional tillage consisting of 30 cm deep ploughing and superficial harrowing. No irrigation, fertilizer or herbicide was applied after sowing. The N 2 fixation was estimated using the 15 N isotopic dilution method (Unkovich and Pate, 2000) . For white lupine and non-fixing reference species, enriched 15 N fertilizer (10 atom% 15 N enriched ammonium sulphate) was applied to a 3 m 2 (1.5 m × 2.0 m) area at a rate of 4 kg N ha −1 after seedling emergence. The 15 N-enriched fertilizer was diluted in water and uniformly hand-sprayed at a rate of 1 L m −2 to allow uniform distribution in the soil profile.
Such a 15
N fertilizer application has been successfully adopted as a common protocol in previous experiments carried out in Sardinia and other Italian locations, in the framework of the Italian national research project "Physiology of production and nitrogen fixation of forage legumes in eco-compatible farming systems" (Cazzato et al., 2012; Sulas et al., 2009 Sulas et al., , 2013 .
Measurements
White lupine plants were harvested from early pod fill to seed ripening stage, but before senescence and leaf shed, during 9-15 June 2010 and 30 May to 6 June 2011, respectively. At harvest, leaf fall was negligible and stems and most of the leaves were still green. Dry matter (DM) production was measured in the The root samples were wet-sieved in order to separate the physically recoverable roots from the soil by gently washing the main plant root system with water over a 2 mm sieve. Therefore, total plant biomass was subdivided into grain, pod valves, shoots, and recoverable roots plus nodules. All harvested biomass samples were dried at 65 °C in a forced-air oven until a constant weight was achieved. Dry samples of grain, pod valves, shoots, and roots were ground finely enough to pass through a 1 mm mesh and submitted by dry combustion to elemental analyzer isotope ratio mass spectrometry (Cheshire, United Kingdom) to determine both N content (%N) and the atom% 15 N.
Calculations
Nitrogen yield (kg N ha −1 ) was calculated by multiplying dry matter yield (DMY) (kg ha −1 ) per its N content (%). The rate of N derived from the atmosphere (%Ndfa) in each plant organ was calculated according to the 15 N isotopic dilution method (Warembourg, 1993) using the following equation: The potential contribution of white lupine to the soil N pool was estimated according to the following equation:
where: Nharv is the quantity of N present in the harvested biomass of white lupine.
Statistical analyses
Data related to white lupine and NFS were submitted to Analysis of Variance according to a completely randomized block design repeated over space (3 locations, as fixed factors) and time (2 years, as fixed factors), in order to distinguish year and location effects (Piepho et al., 2003) . All statistical analyses were conducted using the Statistical Analysis System (SAS software 9.0). Percentage values were normalized by the arcsin transformation. Means were compared using Fisher's protected least significant difference (LSD) test. The LSDs (p < 0.05) were calculated by comparing different main effects and interactions using the appropriate standard error terms according to Gomez and Gomez (1984) . A linear regression analysis was applied to parameters DMY and fixed N.
Results
Dry matter yield, nitrogen concentration and yield
A year × site interaction (p < 0.05) was found in almost all investigated variables, except for pod valve DMY and root N concentration, which were affected (p < 0.05) by year and site (data not shown).
Among sites, total DMY ranged from 6.5 to 12.2 t ha −1 in the first year and from 3.3 to 18.5 t ha −1 in the second year, indicating a strong influence of the environmental conditions (Table 2) . Total DMY increased from the first to the second year in Stintino and Chilivani, but decreased in Sanluri. On the average of both years, pod valve DMY at Stintino reached about two-fold the amount measured in Chilivani and Sanluri. In the first year, root, shoots and total DMY at Stintino were higher (p < 0.05) than Chilivani and Sanluri, whereas grain DMY did not differ.
In the second year, root DMY at Stintino and Chilivani was four-fold higher than Sanluri. Shoots, grain and total DMY differed (p < 0.05) in all sites and higher values were observed in Stintino.
In Stintino, values for root, shoots, grain and total DMY were higher (p < 0.05) in the second year. Except for grain DMY, a similar trend was recorded in Chilivani, whereas in Sanluri the higher (p < 0.05) values were observed in the first year.
On average, the contribution of different plant organs to total DMY decreased from 50 to 22, 16 and 12 %, respectively in shoot, grain, pod valves and recoverable roots. As an average of years and sites, the rate of pod valves, calculated as the ratio between the pod valve weight and the weight of the complete pod at harvest, was 42 %.
Wide variations for N concentrations among plant organs were recorded with N concentration in grain reaching up to seven-fold more than that of shoots (Table 3) . Across sites, root N concentration was higher (p < 0.05) in the first year (about 1 %), whereas, on the average of years, it was higher (p < 0.05) in Chilivani. In the first and second year, N concentrations of all plant organs showed variations in all sites.
In the sites of Stintino and Sanluri, N concentrations of shoots and pod valves were higher (p < 0.05) in the first year, as were the N concentrations of grain in Chilivani and Sanluri.
Nitrogen yields, based on DMY and N concentrations, showed wide variations (Table 4) 
Proportion of N derived from the atmosphere (%Ndfa)
Absolute values ranged from 37 (second year at Sanluri for pod valves) to 96 (second year at Stintino for grain) %Ndfa (Table 6 ). On the average of both years, shoots and pod valves %Ndfa values at Sanluri were lower (p < 0.05) than Stintino and Chilivani. No differences (p > 0.05) were found for the same variables on the average of sites for both years. In the first year for root and grain and in the second year for root only, %Ndfa values differed for all sites. In the second year, Stintino and Chilivani showed similar grain %Ndfa and their values differed from Sanluri. In the sites of Chilivani and Sanluri, root %Ndfa values were higher (p < 0.05) in the first year; higher %Ndfa values were recorded also for grain in the site of Sanluri in the first year, however, values in Stintino were higher at the first year but lower (p < 0.05) than in the other two locations. On the contrary, both root and grain %Ndfa values in Stintino and grain %Ndfa in Chilivani were higher in the second year. (Table 7) . At the same sites, grain contribution to the total fixed N increased from 53 to 60 and 76 %. On average, the fixed N in the roots represented about 5 % of the fixed N in the total plants biomass, while shoots plus pod valves accounted for about 40 % of the total plant fixed N. On the average of both years, root fixed N values were lower (p < 0.05) in Sanluri than Stintino and Chilivani. In the first year, shoots and pod valves fixed N values were higher (p < 0.05) in the site of Stintino (more than 5 times higher than the other sites), while no significant differences were observed among sites for grain fixed N values.
In the second year, fixed N in shoots and pod valves showed a higher variability, with differences between Stintino and Sanluri. Grain fixed N values were higher (p < 0.05) in Stintino; total fixed N showed variations for all sites. In the site of Stintino, fixed N in shoots, grain and total plant were higher (p < 0.05) in the second year compared to the first. On the contrary, the fixed N of pod valves was higher (p < 0.05) in the first year. At Chilivani, higher values of fixed N were recorded in the first year for shoots and in the second year for grain and total plant fixed N. Higher values of fixed N were recorded in the first year also in Sanluri for shoots, grain and total plant fixed N.
-------------------------------------------------------------------------------------Atom% 15 N --------------------------------------------------------------------------------------
At Sanluri, the generally higher Atom% 15 N excess values indicated a reduced dilution effect from atmospheric N and were consistent with the recorded lower values of Ndfa. The overall Atom% 15 N excess for each legume biomass component was lower (p < 0.05) than that of the corresponding component of the reference species for each site and both years (data not reported).
In both years, the N balance for white lupine (Table 8) on average (in addition to the legume N sparing effect), but it was always negative in Sanluri (on average -36 kg N ha −1 yr −1 ). If the total aboveground DM (i.e. grain + pod valves + shoots) is removed, the N balance is slightly negative in Stintino and Chilivani, (on average -3.8 and -5.0 kg N ha −1 , respectively) and more negative in Sanluri (on average -62.5 kg N ha −1 ). The values for fixed N ( Table 7 ) also suggest that huge amounts of N, except for Sanluri in both years, could be added to the soil if white lupine crop is used as crop for residues. Considering data from the three sites, white lupine fixed an average of 21 kg of N per ton of total plant DM (Figure 1) . However, the regressions of the fixed N for each component of white lupine plant on the corresponding DMY widely differed among plant organs, with 59.5, 34, 8 and 6 kg of fixed N per ton of grain, pod valves, shoots and root, respectively (Table 9 ). Means followed by different capital letters differed for p < 0.05 as main effects analysis (year or location). Means followed by the same letter did not differ for p < 0.05 (lower case letters a, b, c within location; italic lower case letters a, b, c within year), according to LSD test. 
Discussion
Our results show that the performances of white lupine grown in Sardinia widely differ as indicated by the differences among locations and by the interaction of the location × year. The results highlight the strong influence of the soil characteristics at the experimental sites, where the seasonal amounts of rainfall were also different. Even if remarkable values in terms of DM and fixed N were reached in one site, soil characteristics such as alkaline pH and limestone content may have affected the symbiosis efficiency in another site, strongly reducing the yield and N 2 fixation of white lupine. This is in accordance with the findings of Kerley (2000) and Kerley et al. (2002) , who reported slower shoot development in white lupine grown in limed soils compared to neutral soils. The authors highlighted the importance of white lupine cultivars that are tolerant of calcareous soils in order to extend its cultivation area. Our results also indicate an overall relationship between high grain and DM yields and high percentages of N derived from the atmosphere. At the location (Stintino) where white lupine had the best results, the soil had the lowest amount of available phosphorus (Table 1) . However, white lupine is known to produce cluster roots, which release vast amounts of phosphate-mobilizing carboxylates, enabling white lupine to absorb almost five-fold more P per unit root length than other legumes (Lambers et al., 2013) .
Grain DMY at the three Sardinian sites in the first year was similar to that obtained in Sicily for white lupine varieties: 2.2 t ha −1 on average (Chiofalo et al., 2012) . However, grain yields were lower compared with those reported (about 5 t ha −1 ) for the same cultivar grown in Central and Northern Italy (Moschini et al., 2014) , but in more favorable environments compared to Sardinian locations. Our values were also within the range (about 2 t ha −1 ) reported by Lopez-Bellido et al. (1994) for white lupine cv. Multilopa in Spain, but were lower than those reported by Larson et al. (1989) for California. Results obtained in Sardinia evidenced a large variability in performance, but still indicate a relevant productive potential of white lupine when compared to field bean performances (1.1 -2.4 t ha −1 ) (Sulas et al., 2013) . Therefore, white lupine should be regarded as a complementary and/or alternative protein and N source for dairy farming and cropping systems of Sardinia.
In white lupine cv. Multitalia, the %Ndfa range was also quite wide and it was affected by environmental characteristics; however, our peak values were slightly lower than those reported by Carranca et al. (2009) and Cazzato et al. (2012) . These authors showed that white lupine was able to reach about 100 % Ndfa in Portugal and southern Italy areas, indicating a very efficient symbiosis with native soil rhizobia, even if the corresponding grain yields were very low at pod formation. At physiological maturity, Carranca et al. (2013) , in similar experimental conditions. Therefore, the potential yield of each crop variety and the growth phase are important factors that affect N 2 fixation. The Ndfa percentages values recorded in the three Sardinia sites were within the range (44-95 % Ndfa) provided for the same grain legume by Howieson et al. (1998) in Australia.
High values of fixed N were always found, except for Sanluri in the second year, indicating a remarkable N 2 fixation potential of white lupine in Sardinian sites if compared to recent results obtained by Cazzato et al. (2012) who reported values of about 70 kg ha −1 of fixed N for the same cultivar grown in central Italy. The peak values recorded at Stintino were about three-fold higher than those reported for white lupine by Sparrow et al. (1995) and Carranca et al. (2009) in Alaska and Portugal, respectively, however, within the range of values reported by Carranca et al. (2013) for L. luteus grown in similar conditions and by Espinoza et al. (2012) in the Mediterranean environment of the Andes foothills (Chile). The fixed N values recorded in the three sites were within the range (144-400 kg N ha −1 in shoots) provided for white lupine in Australia (Howieson et al., 1998) .
Our results also evidenced a different distribution of fixed N in the white lupine organs with a relevant allocation into pods with seeds that contained, on average, about 75 % of the total plant fixed N. Moreover, our results highlighted that pod walls contained about 19 % of the total plant-fixed N. In particular, as an average of years and sites, the proportion of pod wall weight of complete pods at harvest was 42 %, higher than the mean values reported by Espinoza-Lagunes et al. (2000) for 27 Italian accessions of white lupine. Carranca et al. (2013) found 50 % for L. luteus at maturity and 93 % for L. albus at pod filling.
When only grain is harvested without shoots removal, more than 40 % of the total plant fixed N is left in the soil by crop residue and their peak of absolute values exceeded that recorded for field bean in Sardinia (Sulas et al., 2013) . According to Australian findings (Evans et al., 2001) , the net effect of grain legume N 2 fixation on soil N balance ranges widely in lupine (-29 to 247 kg N ha −1 ), depending on experimental conditions and crop species.
In our study, N accumulated in the recoverable roots of white lupine was 5 % of the total plant N on average, very close to the value of 6 % reported by Carranca et al. (2009) for Portugal. This value was quite low if compared to the estimates of Espinoza et al. (2012) for ); R 2 = determination coefficient significant at 0.05 probability level.
the Mediterranean conditions of Chile (33 % of shoot total N). The same authors, in the absence of direct measurements of root and nodule N, have applied a "root factor" proposed by Unkovich et al. (2010) to estimate the belowground N of white lupine. However, our findings are lower if referred to the potential contribution of roots and nodules (up to 40 % to the total plant N) estimated by Unkovich and Pate (2000) for white lupine grown in a glasshouse in the absence of combined N. In addition, Mayer et al. (2003) studied the N rhizodeposition (i.e. organic and inorganic N compounds released from living roots) for white lupine in pots that was estimated to account for 16 % of the total plant N and 80 % of the total belowground N. Therefore, our estimates are likely to be conservative, because only recoverable roots were considered in our study. Finally, we found that the relationship between fixed N and DMY was very different between grain, pod valves, shoots and roots, highlighting the need to distinguish the contribution from different plant portions in N 2 fixation. For example, the fixed N of white lupine grain per ton of grain DM produced was about ten-fold higher than that of roots. However, the average of 21 kg of N fixed per ton of white lupine plant biomass was similar to that recorded for the same species in the Mediterranean environment of Chile (Espinoza et al., 2012) and for field bean in Sardinia (Sulas et al., 2013) and for L. angustifolius in eastern Australia (Peoples et al., 2001 ).
Conclusion
In conclusion, the productive performances and the ability of white lupine to fix N 2 greatly varied between locations and climatic conditions. However, the results indicate a remarkable N 2 fixation capacity by this grain legume grown under Mediterranean conditions. Pods with seeds accounted for about 75 % of the total plant fixed N with an important contribution from pod valves. When N balance was positive, 18-65 % of the total plant fixed N is left in the field if grain is harvested and root N accounted for an average of 5 % of the total plant N. The relationship between fixed N and DM widely differed between plant organs. This information is useful for a precise definition of N inputs according to the possible uses of white lupine crop and/or its residues in Mediterranean farming systems where white lupine can undoubtedly represent an additional crop option and a valuable N source.
